The 70-kDa protoxin of Cry11A, a dipteran-specific insecticidal protein, was processed by trypsin into 36-and 32-kDa fragments. To investigate the potent function of the two processed fragments, a GST (Glutathione-S-transferase) fusion protein of each polypeptide was constructed. While neither the 36-nor the 32-kDa fragment was toxic to Culex pipiens larvae, coexpression of the two fragments restored the insecticidal activity. Furthermore, the coprecipitation experiment demonstrated that the 36-kDa fragment was associated with the 32-kDa fragment. It was, therefore, shown that the coexistence of the two processed fragments of Cry11A was essential for the toxicity. The mutant of the 36-kDa fragment lacking the region from Gly 257 to Arg 360 bound to the 32-kDa fragment but the coexpression with the 32-kDa fragment resulted in no toxicity, suggesting that this region was involved in insecticidal activity.
by gut proteases from C. pipiens larvae and into the 36-and 32-kDa fragments by trypsin through the intramolecular cleavage. 3) In the case of Cry11A, like Cry4A, it seems that the two processed fragments are associated together to form an active complex, but there has been no direct evidence so far. In this study, we showed that the 36-and 32-kDa fragments generated by trypsination of the Cry11A protoxin were associated together and the coexistence of the two fragments was essential for the toxicity. Furthermore, we identified the region involved in insecticidal activity of Cry11A.
Materials and Methods
Bacterial strains. B. thuringiensis subsp. israelensis HD522 was cultured at 30 C in Luria-Bertani medium. C37-21 (Spo þ Cry À ), a pBTI-6-cured acrystalliferous strain derived from B. thuringiensis subsp. israelensis HD522, was used as a host for the production of Cry11A inclusions.
3) E. coli strain DH5 was used for gene manipulation and BL21 was used for expression of GST fusion proteins.
Preparation, solubilization, and processing of Cry11A crystal. B. thuringiensis subsp. israelensis HD522 C37-21 harboring pIS11A 3) was cultured in Schaeffer medium containing tetracycline (20 g/ml) until cells were lysed completely, and the Cry11A crystal was purified from the resultant lysate by centrifugation through a discontinuous sucrose gradient as described previously.
4) The crystal was solubilized in 100 mM Na 2 CO 3 (pH10.5)/10 mM DTT at 4 C for 1 hr. The solubilized crystal proteins were digested by trypsin (Roche) at 30 C. At the end of trypsination, phenylmethylsulfonyl fluoride (Sigma), PMSF, was added to give a final concentration of 1 mM.
Construction of expression vectors for GST-Cry11A fusion proteins. Using the pIS11A plasmid DNA as the template, the 1.91-kb DNA fragment was produced by PCR, which encoded the polypeptide spanning from SalI sites at the upstream and downstream ends, respectively. The 1.91-kb DNA fragment was inserted in frame into the EcoRI-SalI site of pGEX-4T-3 (Amersham Biosciences) to obtain the plasmid pGST11A that encoded the fusion protein GST11A. The 1.08-kb DNA fragment was produced by PCR, which encoded the 36-kDa polypeptide spanning from Ser 10 to Arg 360 of Cry11A and had EcoRI sites at both the ends. The 1.08-kb DNA fragment was inserted in frame into the EcoRI site of pGEX-4T-3 to obtain the plasmid pGST11A-36k, which encoded the fusion protein GST11A-36k. The 0.76-kb DNA fragment was produced by PCR, which encoded the polypeptide spanning from Ser 10 to Val 256 of Cry11A and carried the BamHI and EcoRI sites at the upstream and downstream ends, respectively. The 0.76-kb DNA fragment was inserted in frame into the BamHI-EcoRI site of pGEX4T-3 to obtain pGST11A-DI that encoded the fusion protein GST11A-DI. The 0.85-kb DNA fragment was produced by PCR, which encoded the polypeptide spanning from Asp 361 to Lys 643 of Cry11A and carried the EcoRI and SalI sites at the upstream and downstream ends, respectively. The 0.85-kb DNA fragment was inserted in frame into the EcoRI-SalI site of pGEX-4T-3 to obtain pGST11A-32k that encoded the fusion protein GST11A-32k. The 0.85-kb EcoRI-SalI fragment described above was inserted in frame into the EcoRI-SalI site of pET21b to obtain the plasmid pET11A-32k, which encoded the fusion protein 32k-His. The 2.05-kb AatII fragment, which involved the intact DNA tract including the promoter essential for expressing the 32-kDa polypeptide of Cry11A, was produced by PCR with the pGST11A-32k plasmid DNA as the template. The 2.05-kb fragment was inserted into the AatII site of pGST11A-36k to obtain the plasmid pGST11A-36k+32k that encoded both the 36-kDa and 32-kDa polypeptides of Cry11A. The same 2.05-kb fragment was inserted into the AatII site of pGST11A-DI to obtain the plasmid pGST11A-DI+32k.
Purification of the GST fusion proteins of Cry11A. The GST fusion proteins of Cry11A were expressed upon induction for 2 hr at 20 C with 0.06 mM IPTG in E. coli BL21 harboring a pertinent expression vector in TB medium containing ampicillin. The cells were collected by centrifugation, resuspended in PBS containing 1 mg/ml lysozyme and 1 mM PMSF, and disrupted by sonication. After centrifugation, the GST fusion proteins were purified from the obtained supernatant using Glutathione Sepharose 4B (Amersham Biosciences). The protein concentration was measured with a Bio-Rad Protein Assay (Bio-Rad) using Bovine Serum Albumin as a standard.
Bioassay of the mosquito larvicidal activity of Cry11A. Bioassay of the Cry11A protein and the fusion proteins of Cry11A was done as described previously. 3) Ten micrograms of proteins were added to 1 ml of 0.1 M Tris (pH 7.5), 0.1% latex beads (Sigma) of 0.8 m in diameter for adsorption to the latex beads. After a brief vortexing, the samples were rotated for 1 h at room temperature. The mosquito larvicidal activities were assayed on 4th instar larvae of C. pipiens. Before the assays, each larva was transferred to 200 l of distilled water in each well of a 96-well plate. After 8 h, the proteins adsorbed to latex beads were added. The assay was done more than 3 times. The mortality was scored after 12-h incubation at 25 C. The efficiency of adsorption of protein to the latex beads was almost 100% in a preliminary experiment. Concentrations giving 50% mortality (LC 50 ) were calculated by Probit analysis.
Coprecipitation experiment. 32k-His was expressed upon induction with 1 mM IPTG in E. coli BL21(DE3) cells in TB medium containing ampicillin. The cells were collected by centrifugation, resuspended in solubilized buffer (50 mM CAPS/5 M Urea/20 mM Imidazole [pH 10.5]), and disrupted by sonication. To the supernatant obtained by centrifugation was added 100 l of a 50% slurry of Ni-resin (Qiagen). After 2 hr of rotating at 4 C, the resin was washed five times with solubilized buffer, and resuspended in 100 l of the same buffer. The mixture was added to 50 ml of binding buffer (50 mM CAPS/20% Glycerol/500 mM NaCl/10 mM 2-mercaptoethanol/20 mM Imidazole [pH 10.5]), and rotated overnight at 4 C for refolding. To the mixture was added the purified GST fusion protein, and all rotated for another 2 hr, and then the resin was washed five times with binding buffer. The resultant resin (coprecipitated fraction, or bound fraction) was analyzed by SDS 14%-PAGE and subjected to the western blotting probed with anti-GST antibody (Amersham Biosciences).
Results

Expression of the two processed fragments of Cry11A as GST fusion proteins
In our previous study, it has been found that the 70-kDa protoxin of Cry11A is cleaved by trypsin into two fragments of 36 and 32 kDa through the intramolecular cleavage. The N-terminus of the 36-kDa fragment is Ser 10 , and that of the 32-kDa fragment is Asp 361 .
3) These two fragments were coeluted in a single peak corresponding to 52.9 kDa in the size-exclusion chromatography, suggesting that they were associated together.
3)
The result of the bioassay clearly showed that the trypsinated Cry11A had significant mosquitocidal activity against Culex pipiens larvae ( Table 1 ). The LC 50 of the trypsinated Cry11A was 0.189 g/ml, whereas that of the solubilized or non-trypsinated Cry11A was 0.267 g/ml. We take note that the solubilized Cry11A was 30 times less toxic than Cry11A crystal itself (LC 50 of 8.37 ng/ml). This was because the solubilized Cry11A was adsorbed to latex beads before adminis-tration. In the case of Cry4A, a significant decrease in toxicity against the mosquito larvae was also observed upon adsorption of Cry4A to latex beads (M. Yamagiwa et al., unpublished data). To investigate the functions of the two processed fragments, GST fusion proteins were constructed by attaching GST to the N-terminus of each Cry11A-processed fragment. Schematic representation of the fusion protein structures is in Fig. 1A to Lys 643 of Cry11A. In the fusion protein 32k-His, a histidine hexamer was attached to the C-terminus of the 32-kDa segment spanning from Asp 361 to Lys 643 of Cry11A. Since the plasmid pGST11A-36k+32k encoded both the GST11A-36k and GST11A-32k, the E. coli strain harboring the plasmid produced both the fusion proteins in a single cell (Fig. 1B) . Similarly, the E. coli strain harboring the plasmid pGST11A-DI+32k produced both GST11A-DI and GST11A-32k in a single cell (Fig. 1B) . All the Cry11A fusion proteins were produced in the E. coli cells and purified through the affinity chromatography. Figure 2 shows the purified Cry11A fusion proteins analyzed by SDS-PAGE. For unknown reasons, the level of expression of GST11A-32k was lowered when it was produced in the E. coli cells harboring the plasmid pGST11A-36k+32k or pGST11A-DI+32k.
Mosquitocidal activities of the GST fusion proteins of Cry11A
Mosquitocidal activities of the GST fusion proteins of Cry11A were assayed with the larvae of C. pipiens (Table 1) . GST11A-36k and GST11A-32k had virtually no insecticidal activity against the mosquito larvae whereas GST11A had significant toxicity, suggesting that the concerted action of the two processed fragments of Cry11A is indispensable for measuring the insecticidal activity. This was further confirmed by the fact that The sample was adsorbed to latex beads before administration. c No mortality was observed upon administration to give a final concentration of 2 g/ml. d No mortality was observed upon administration to give a final concentration of 3 g/ml. e The sample was copurified from E. coli harbouring the plasmid pGST11A-36k+32k. f The sample was copurified from E. coli harbouring the plasmid pGST11A-DI+32k. coexpression of GST11A-36k and GST11A-32k restored the toxicity against the mosquito larvae (Table 1) . However, coexpression of GST11A-DI and GST11A-32k resulted in no toxicity, suggesting that the region from Gly 257 to Arg 360 corresponding to the N-terminal region of Domain II was involved in insecticidal activity against C. pipiens larvae ( Table 1) .
Association of the two processed fragments of Cry11A
To confirm the association of the two processed fragments of Cry11A, coprecipitation experiments were done. GST11A-36k or GST was incubated with 32k-His that had been bound to Ni-resin. Materials coprecipitated with the 32k-His/Ni-resin were analyzed by SDS-PAGE followed by western blotting probed by anti-GST antibody. GST11A-36k was coprecipitated with the Niresin to which 32k-His had been bound (Fig. 3, Lane 1) but not with the bare Ni-resin (Fig. 3, Lane 2) .
No GST alone was coprecipitated with the bare Niresin (Fig. 3, Lane 6) , or with the Ni-resin to which 32k-His had been bound (Fig. 3, Lane 5) . Thus, it was demonstrated that the 36-kDa and 32-kDa fragments of Cry11A were associated.
To test whether the region from Gly 257 to Arg 360 is Fig. 2 . Purification of GST Fusion Proteins of Cry11A. All the GST fusion proteins of Cry11A were expressed in E. coli BL21, and purified with Glutathione Sepharose 4B (Amersham Bioscience). Seven micrograms of each purified fusion protein were analyzed by SDS 14%-PAGE followed by CBB staining. Lanes 1, 5, and 8, molecular size markers; Lane 6, GST fusion proteins purified from E. coli BL21 harboring the plasmid pGST11A-36k+32k; Lane 10, GST fusion proteins purified from E. coli BL21 harboring the plasmid pGST11A-DI+32k.
involved in the association of the 36-and 32-kDa fragments, a coprecipitation experiment with GST11A-DI and 32k-His was done. GST11A-DI was also coprecipitated with Ni-resin to which 32k-His had been bound (Fig. 3, Lane 9) , suggesting that the region from Gly 257 to Arg 360 was dispensable for the association of the 36-and 32-kDa fragments.
Discussion
Mosquitocidal activity of Cry11A toxin is as high as that of Cry4A toxin against C. pipiens larvae, but little molecular characterization of Cry11A has been done and its mode of action has remained unclear so far. In our previous study, it was shown that the 70-kDa protoxin of Cry11A was processed into the 34-and 32-kDa fragments by the gut proteases from C. pipiens larvae, and into the 36-and 32-kDa fragments by trypsin.
3) These results coincided well with those reported by Dai et al. 5) We suggested that an active form of Cry11A toxin was a heterodimer consisting of the two processed fragments. In this study, it was shown that the coexistence of the 36-and 32-kDa fragments of Cry11A was essential for the toxicity. We assume that the functional interaction and the concerted action of the two processed fragments of Cry11A are essential for determining the insecticidal activity.
Generally, it is believed that the processing of Cry proteins by gut proteases is the crucial step for activation of the toxin. In the case of Cry4A, proteolytic removal of the N-terminal 57 amino acids and the C-terminal half would be the key step for activation. The intramolecular cleavage of the 60-kDa intermediate into the 20-and 45-kDa fragments had no effect on the insecticidal activity and these two fragments formed the active complex of 60 kDa.
2) In the case of Cry11A also, the two polypeptide fragments were generated through the intramolecular cleavage by gut proteases or trypsin. Whereas it was suggested that the intramolecular cleavage of Cry11A did not promote the insecticidal activity, 3) the two processed fragments formed the active complex (Table 1 and Fig. 3) . We assume that removal of the N-terminal 9 amino acids and the C-terminal amino acids would be important for the activation of Cry11A, although details remain to be seen. The processing pattern of Cry11Bb from Bacillus thuringiensis subsp. medellin was very similar to that of Cry11A, that is, the 94-kDa Cry11Bb toxin processed into the 30 and 35-kDa fragments by gut proteases from C. quiquefasciatus. 6) As have been shown in Cry4A and Cry11A, therefore, it was reasonable to assume that the processed fragments of 30-and 35-kDa also formed the active complex of Cry11Bb.
The deletion mutant GST11A-DI was associated with 32k-His in the coprecipitation experiment (Fig. 3  Lane 9 ), but the coexpression of GST11A-DI and GST11A-32k resulted in no toxicity (Table 1) . It is, therefore, suggested that the region from Gly 257 to Arg 360 , the putative N-terminal moiety of Domain II, was involved not in the association of the 36-and 32-kDa fragments but in the insecticidal activity against C. pipiens. In Cry2Aa, a dual toxin active on both dipteran and lepidopteran larvae, the region from amino acid 307 to 382 was involved in toxicity against Aedes aegypti larvae, 7) and the region from amino acid 278 to 412 was required for insecticidal activity against A. aegypti. 8) These regions were also located in the Nterminal region of Domain II (residues 273-473) of Cry2Aa.
9) Therefore, it is suggested that the N-terminal region of Domain II is important for conferring mosquitocidal activity of Cry toxin. One of the probable functions of the region may be the receptor binding. 9) Krieger et al. reported the Cry11A-binding proteins of 65 and 62 kDa from Aedes aegypti BBMV.
10) The 62-kDa polypeptide is a putative proteolytic product of the 65-kDa polypeptide.
11) Previously, we showed that the trypsinated Cry11A bound to the BBMV of C. pipiens larvae 3) and the Cry11A-specific binding proteins were detected in the C. pipiens BBMV proteins using a ligand blotting technique (M. Yamagiwa et al., unpublished data). Further characterization of these specific binding proteins might be a breakthrough for the elucidation of the mode of action of dipteran-active toxins. Fragment. 32k-His was purified with Ni-resin (Qiagen) under denaturing conditions, and refolded by incubating overnight at 4 C as it bound to the Ni-resin. The purified GST11A-36k, GST11A-DI, or GST was incubated with 32k-His that had been bound to Ni-resin. After they were washed by centrifugation, materials coprecipitated with the 32k-His/Ni-resin were analyzed by SDS-PAGE followed by western blotting probed by anti-GST antibodies. Lane 1, GST11A-36k incubated with 32k-His that had been bound to Ni-resin; Lane 2, GST11A-36k incubated with the bare Ni-resin; Lanes 3, 7, and 11, 32k-His bound to Ni-resin; Lane 4, Purified GST11A-36k, Lane 5, GST incubated with 32k-His that had been bound to Ni-resin; Lane 6, GST incubated with the bare Ni-resin; Lane 8, Purified GST; Lane 9, GST11A-DI incubated with 32k-His that had been bound to Niresin; Lane 10, GST11A-36k incubated with the bare Ni-resin; Lane 12, Purified GST11A-DI. Samples loaded into lanes 3, 7, and 11 were the same.
